The anaerobic digestion process has been primarily utilized for methane containing biogas production over the past few years. However, the digestion process could also be optimized for producing volatile fatty acids (VFAs) and biohydrogen. This is the first review article that combines the optimization approaches for all three possible products from the anaerobic digestion. In this review study, the types and configurations of the bioreactor are discussed for each type of product. This is followed by a review on optimization of common process parameters (e.g. temperature, pH, retention time and organic loading rate) separately for the production of VFA, biohydrogen and methane. This review also includes additional parameters, treatment methods or special additives that wield a significant and positive effect on production rate and these products' yield.
Introduction
of VFA produced in three different temperatures (24.6, 14 and 4 °C) revealed no 145 significant changes. This outcome included an increase in temperature (from 4 °C to 146 14 °C) causing a reduction in acetate production from 55% to 43%, yet the production 147 of propionate and butyrate had an increase in percentage from 20% to 29% and 11% to 148 16%, respectively. The results included a common trend of change in individual VFA production and no 152 significant alteration in the composition of VFA produced. Increasing the temperature 153 from 45-70̊ C does not create any positive impact on VFA production (Yu et al., 2013) . 154 In contrast, Zhuo et al. (2012) included that at 40̊ C there was a 40% decrease in total 155 VFA production compared to that that of 37 C. 156 It may be mentioned the microbial species present in different types of waste materials 157 widely differ from each other, their growth rate in different temperature changes will be 158 different. Consequently, identifying the change in growth rate of different types of 159 microbial species could be a future research option for analyzing the impact of 160 temperature in VFA production. 162 The amount of organic content being hydrolysed is the primary factor which is directly 163 responsible for the amount of VFA produced. Along with the substrate composition, pH 164 plays an important role in increasing the production rate and yield of VFA in anaerobic 165 digestion. 166 A comparative study was done to identify the accumulation of VFAs and microbial 167 community structure of excess sludge (ES) at different pH values (Jie et al., 2014) . 168 Results found that at a pH level of 10, the accumulation of VFA reached its maximum 169 limit. This finding was supported by another experiment (Wu et al., 2010) where 170 alkaline fermentation of primary sludge for short-chain fatty acids (SCFAs) was 171 studied. Results indicated that a pH range between 8.0-10.0 caused higher SCFAs 172 accumulation when compared to pH 3.0-7.0.
pH

173
The pH range of extremely acidic (less than 3) or extremely alkaline conditions (above 174 12) are referred to as inhibitory conditions for the acidogens (Liu et al., 175 2012). Although the optimal value of pH has been cited as high as 10 for the sludge 176 hydrolysis mentioned above, this value may change to between 5.25 and 11 depending 177 on the type of waste materials (Lee et al., 2014) . For example, the anaerobic digestion 178 of kitchen waste requires an optimum pH value equal to 7 (Wang et al., 2016) whereas 179 the optimum pH condition for wastewater treatment ranges between 5.25 and 6.0 180 (Bengtsson et al., 2008) . 181 In addition to the anaerobic digestion of excess sludge, the highest concentration of 182 VFA is determined by the fermentation with inoculum and the HRT of the reactor. For production of VFA, the ratio of VFA to SCOD refers to the amount of soluble 189 substances converted into VFAs (Jiang et al., 2013) . Experiments also show that the pH 190 range of 5.0 to 6.0 produced the highest value of VFA/SCOD ratio (75%), regardless of 191 the type of which inoculum was used while producing VFA from food waste. However, 192 this experiment did not include the results for an extreme alkaline state (pH > 10) 193 (Wang et al., 2014b).
194
Although the composition of produced VFA primarily depends on the composition of 195 the substrates, any changes in pH values can also control the type of VFA produced 196 from acidogenic fermentation (Lee et al., 2014) . Before the selective production of any 197 specific type of volatile fatty acid, the optimum pH level needs to be determined. composition of the substrate. For instance, a HRT of 1.5 day was applied to VFA 210 production and profile in anaerobic leach bed reactors digesting a high solids content substrate (Cysneiros et al., 2012) whereas 1.9-day HRT produced best performance in 212 acidogenic anaerobic digestion of OFMSW (Romero Aguilar et al., 2013) .
213
HRT values are only beneficial for VFA production up to a certain value, while 214 prolonged HRT is responsible for the accumulation of VFA in the reactor. An 215 experiment was performed to produce VFA from acidogenic fermentation of food (Lim 216 et al., 2008) . The results demonstrated that the production of VFA increased as the HRT 217 increased from 96 h to 192 h, but there was no further increase in VFA production once 218 the HRT exceeded to 288h.
219
It has been identified that the growth rate of methanogens is slower compared to the 220 growth rate of acidogens. As a result, a low SRT does not allow enough time for the 221 methanogens to consume VFA and produce methane and carbon dioxide (Lee et al., 
Organic loading rate 228
The Organic loading rate (OLR) of a process is directly governed by the bioreactor 229 arrangement and type and composition of substrates. So far, no direct relationship has 230 been observed regarding the change in OLR and the yield or production rate of VFA.
231
However, the general trend of VFA production could be predicted with the change in 232 OLR. For example, lactic acid fermentation from food waste with indigenous 233 microbiota shows that the concentration of lactic acid initially increased with increasing the OLR. The lactic acid concentration rose from 29 g/L to 37.6 g/L when the OLR was 235 increased from 14 to 18 g-TS/L d (Tang et al., 2016) . Yet, for the same experiment 236 when the OLR was increased from 18 g-TS/L d to 22 g-TS/L d the acid production 237 decreased sharply to 22g-TS/L d. These results could be attributed to the contention that 238 if the organic loading rate reaches beyond the optimum value the rate of hydrolysis is 239 reduced.
240
A study of fermentation included two-phase olive oil mill solid residue over a range of 241 different OLRs from 3.2 to 15.1 g COD/L/d. The result indicated that the maximum 242 VFA concentration increased up to 12.9 g COD/L/d, and consequently a gradual decline 243 was observed beyond 12.9 g COD/L/d (Rincon et al., 2008) .
244
Similar results were observed during the production of VFA from food waste (Lim et 245 al., 2008) using in once-a-day feeding and drawing-off bioreactor. An increase in VFA 246 production was observed from the organic loading rate of 5 g/L/d to 13 g/L/d, but 247 beyond 13 g/L/d the reactor became unstable.
248
It can be summarized that production of VFA increases with the initial increase in OLR 249 and the rate of production drops when OLR is increased further regardless the type and 250 composition of the substrate. However, more research studies need to be done to 251 characterize the range of optimum values in OLR along with the bioreactor design and 252 type of substrates. 
Other Parameters
254
In addition to the optimized process parameters, some specific additional measures can 255 offer positive results for VFA yield and production rate. Actions such as hydraulic 256 flush could increase the VFA production for a particular process. Experiments indicate that the hydraulic flush increased VS degradation and VFA production by 15% and 32% 258 respectively, in buffered leach bed reactors that digested a high solids content substrate 259 (Cysneiros et al., 2012) .
260
Furthermore some chemical additives increase the production of VFA significantly;
261 Table 1 summarizes the information concerning some common additives and their 262 respective results in VFA production.
263 Table 1 264
Optimizing biohydrogen Production
265
In recent years the production of biohydrogen has attracted much research interest Unfortunately, the yield of biohydrogen from experiments has been significantly less 277 than the expected theoretical yield; the difference is being that some of the raw 278 materials are converted into by-products. During acidogenesis, butyrate and ethanol are produced that are termed as fermentation barriers to limit the hydrogen production. In 280 connection, during anaerobic digestion, only one third of the electron potential is 281 transferred to produce hydrogen, leaving the remaining two thirds being transferred to 282 fermentation by-products (Abdallah et al., 2016) . inoculum. Another analysis considered hydrogen production using two-stage induced 318 bed reactors (IBR) from dairy waste processing (Zhong et al., 2015) . The results 319 indicated a value of 131.5 ml H 2 /g-COD removed at 60 °C compared to 116.5 ml H 2 /g-320 COD removed at 40 °C.
321
In the thermophilic scenario (temperature 55 ̊ C) research was carried out for 322 simultaneous production of biohydrogen and methane using a two-stage upflow 323 anaerobic sludge blanket reactor (UASB) (Intanoo et al., 2014) . Results were the H 2 /g, respectively, during a COD loading rate of 90 kg/m 3 d. In contrast, another study 326 (Limwattanalert, 2011) documented the maximum amount of hydrogen produced in 327 terms of maximum yield being 114.5 ml H 2 /g COD removed in the mesophilic context 328 (37 ̊ C).
329
The results obtained from these experiments confirm the veracity of two concepts.
330
Firstly, in the thermophilic scenario, there is an improved solubility of the polymeric 331 components such as lignocelluloses present in the substrates. Secondly, increasing the 332 temperature, in turn, increases the activities of the enzymes (Zhong et al., 2015) .
333
Another important aspect of biohydrogen production is the inhibition of methanogenic 
342
The research findings do not provide any generalized temperature range that would be 343 particularly beneficial for biohydrogen production. To identify the optimum temperature 344 for any process, faster acclimatization of the inoculum and inhibition of the 345 methanogenic activities should be considered under the optimum loading rate. 
pH
For biohydrogen production, the growth rate microorganisms and dynamics of 348 fermentation largely depend on the initial pH of the bioreactor. A change in pH triggers 349 a microbial shift that eventually defines the metabolic pathway of the microorganisms.
350
A variation of the hydrogen ion concentration causes a change in pH that eventually 351 leads to the variation of discharges detected by the redox potential. Research has shown 352 that activities of the fermentation products largely rely on the pH and it is an important 353 ecological factor for hydrogen producing bacteria (Ruggeri & Tommasi, 2015) .
354
Although the optimum value of pH in a bioreactor varies according to the substrates' 355 composition, research findings have indicated a favorable range that is common for all 356 biohydrogen production processes through anaerobic digestion. Results from one 357 experiment indicated the initial increase of pH in the acidic range favored biohydrogen 358 production. This particular study concluded a pH value of 6.9 for maximum yield of 359 hydrogen and a value of 7.2 for maximum average production rate for biohydrogen 360 (Wang & Wan, 2011).
361
Another experiment involved the production of biohydrogen in batch reactor using an 362 initial concentration of 6000 mg/L glucose as a substrate (Liu et al., 2011) . Their 363 findings showed a pH value equal to 4 could discourage microbial growth. In addition, 364 they reported that at pH 7.0 the hydrogenase activity was low, which finally resulted in 365 a low biohydrogen yield (ranged from 0.12-0.64 mmol/mmol glucose). They concluded 366 that pH values from 5.5 to 6.8 are the most favorable for biohydrogen production. butyricum CGS5, the results included a pH value of 5.5 for maximum hydrogen 370 production where a pH of 4.5 could have inhibitory effects.
371
Controlling the pH in a lab scale experiment may not reflect the real costs when the 372 experiment is conducted in an industry context. However, the type of waste material and 373 bioreactor type should be defined for more precise tuning of pH value in an anaerobic 374 process. ). In addition, if the HRT is too short there is the potential of biomass washout 383 from the system.
384
According to the experiment undertaken by Kumar et al. (2016) , HRT values between 3 385 to 6 hours are favorable for the maximum biohydrogen production rate (25.9 L H 2 /L-d) 386 and yield (2.21 mol H 2 /mol galactose), respectively at an OLR of 120 g/L-d with a high 387 rate of continuous stirring in a tank reactor. Furthermore, a reduction of HRT from 2 388 hours reduced the production of biohydrogen indicating a biomass washout from the 389 system.
390
Research studies were done to observe the specific hydrogen production (SHP) from a 391 mixed substrate having a mixture ratio of 80:20 from municipal solid waste and food waste in a dry thermophilic anaerobic co-digestion (55 °C and 20% solid content) 393 (Angeriz-Campoy et al., 2015) . The applied SRT for the experiment ranged from 6.6 to 394 1.9 days and results indicated a decrease in SRT actually increased the production of 395 hydrogen. The maximum rate of biohydrogen production in this experiment was 396 2.51 L H 2 /L reactor day, and SHP was 38.1 mL H 2 /g VS added at an SRT of 1.9 days.
397
The findings are supported by another experiment aiming to produce biohydrogen from The nutrient content comprising carbon sources are converted into molecular hydrogen 409 gas during the anaerobic digestion process. For this reason, the organic loading rate 410 needs to be optimized according to bioreactor design giving consideration to the 411 maximum amount of produced biohydrogen. Results from research studies that have 412 been already performed could be utilized to get a general connection between 413 biohydrogen production and organic loading rate.
It has been observed that the initial increase in the loading rate aids the production of 415 biohydrogen (Zhang et al., 2013) . The results include an initial increase in the organic 416 loading rate from 4 to 22 g COD/L-d has a positive effect on biohydrogen production.
417
This is in terms of production rate of 0.196 mol d −1 L −1 , and subsequently, the 418 biohydrogen production rate fell down to 0.160 mol d −1 L −1 when the organic loading 419 rate increased from 22 to 30 g COD/L-d.
420
The maximum microbiological uptake for a certain bioreactor arrangement depends on Addition of 2.8%Tween 80® (T80) and 1.7 g/L polyethylene glycol (PEG 6000®) 450 during the treatment of organic fraction of municipal solid waste (OFMSW) has been 451 proven to be beneficial for production of biohydrogen (Elsamadony et al., 2015) . When 452 these two additives were added the hydrogen yield increased to 116.7 ± 5.2 ml H2 /g 453 Carb. initial.
454
Fe content has also been proved to have positively influence the production of 455 biohydrogen. The characterization of most H 2 -evolver enzymes occurs more easily with 456 the presence of iron content in the active core/site. Experiments refer to an 457 H 2 production rate of 41.6 l/day at 10.9 mg FeSO 4 /l, and this is 1.59 times higher 460 Production of methane containing biogas through anaerobic digestion is the most 461 common production method and has led to proven results through a number of 462 experiments. Biogas has already been identified having the potential to replace fossil 463 fuels in the future (Prajapati et al., 2013) . Till now, most research approaches regarding 464 process optimization are focused on the production of methane (Andre et al., 2016; 465 Elsgaard et al., 2016; Zhong et al., 2015) . During anaerobic digestion, methane is 466 produced from the final stage of methanogenesis; this stage is referred to as the most 467 vulnerable of all the phases and relies on the following: temperature, pH, retention time, 
Optimizing methane production
Optimum Conditions for production of methane 483
A number of research studies have been conducted so far to optimize production of 484 methane from anaerobic digestion. The findings are mainly based on lab-scale operation 485 (Mao et al., 2015; Zhong et al., 2015) . The final stage of methanogenesis in anaerobic 486 digestion has been referred to have dependence on a number of process parameters such 487 as temperature, pH, hydraulic and solid retention time, organic loading rate, total 488 ammonia nitrogen (TAN) etc. (Mao et al., 2015; Zhong et al., 2015) . For a particular 489 process variable, the optimum value is determined considering the remaining process 490 parameters are fixed at optimum condition. Although an approach for tuning the process 
495
The following sub-section includes a simplified explanation about effects of 496 temperature, pH, retention time and organic loading rate in methane production. The 497 additional treatment methods and additives for increased biogas production have been 498 mentioned in the next section. Finally, the major challenges in implementing these 499 concepts into industrial scale anaerobic digestion plant have been discussed. Temperature has a direct influence on the thermodynamic equilibrium of the 502 biochemical reactions of anaerobic digestion and also controls the activities, growth rate 503 and diversity of the microorganisms (Lin et al., 2016) . During the production of 504 methane, the microbial data in thermophilic and mesophilic system refers hydrogenotrophic and acetoclastic methanogenesis respectively. Therefore, the 506 dominant pathway for methane production is defined by operating temperature of the 507 digester (Zamanzadeh et al., 2016) .
508
In thermophilic conditions (55-70 °C), the growth rates for the methanogens are higher 509 compared to the rate in mesophilic systems (37 °C) (Sun et al., 2015) . The high rate of 510 reaction enhances the system's load bearing capacity and the productivity of the 511 thermophilic system compared to the mesophilic system. In contrast, the high reaction 512 rate of acidogenesis in thermophilic process involves accumulation of propionic acid in 513 the digester. It is not degraded due to the fact that propionate degradation requires five 514 to six times lower hydrogen concentration compared to butyrate (Liu et al., 2012) . The 515 accumulated propionic acid then inhibits the activities by the methanogens. Results from 516 an experiment show that when the propionic acid concentration reached above 1000 517 mg/L as COD equivalent, it inhibited acetoclastic methanogenesis (Shofie et al., 2015) .
518
Furthermore, more energy input is required to maintain the system at a high 519 temperature. Conversely, the mesophilic system offers a high yield of methane, better 520 process stability, and greater richness in bacteria with less additional energy required for 521 the system (Bowen et al., 2014) .
522
Considering the facts mentioned above, a two-stage anaerobic process has been 523 suggested including a thermophilic hydrolysis/acidogenesis and mesophilic 524 methanogenesis process (Mao et al., 2015) . Selecting the process operating temperature 525 for methane production largely depends on the type and composition of the substrate.
526
The hyperthermophilic (70-80 °C) anaerobic digestion process performs the best in 527 treating the co-substrates as the decomposition of organic materials is easier at high 528 temperature (Wang et al., 2014a; Wang et al., 2012) . On this theme, a research study maintained at 5.5 while the pH of the second stage was not controlled. Instead, the 552 experiment documented a low concentration of sodium hydroxide (230-350 mg/l) 553 stimulating the activities of the methanogens in the second stage.
554
Furthermore, the production of ammonia can have a positive impact on resisting the 555 sharp decrease of pH in a reactor. The experiment conducted by (Yang et al., 2015) 556 revealed an increased yield of CH 4 (7.57 times higher) when the pH was increased up to 557 8.0 compared to the conditions of pH uncontrolled group. 558
Retention Time
559
Both the hydraulic and solid retention time control the efficiency of biological methane 560 production from the anaerobic digestion process (Mao et al., 2015) . A low value of 561 HRT involves the potential risk of biomass washout from the system, leading to a low 562 methane yield. Results show that for the algal biomass an HRT less those 10 days 563 decreases the methane productivity (Kwietniewska & Tys, 2014) .
564
Unlike the HRT, a low value of SRT favours methane production. Experiment on 565 dewatered-sewage sludge in mesophilic and thermophilic conditions implied that biogas 566 production trebled when the SRT was reduced from 30 to 12 days (Nges & Liu, 2010) .
567
However, a SRT shorter than the optimum value can cause VFA accumulation, 568 increased alkalinity and washout of the methanogens. In the same experiment a 9-day 569 SRT created an imbalance in the process and resulted in the problem of foaming. In Zamanzadeh et al., 2016) or pH drop in digester could be utilized to find out the 588 optimum loading rate (Aboudi et al., 2015; Farajzadehha et al., 2012) . However, 589 observing pH drop is more feasible for general applicability. A high organic loading 590 rate leads to a high rate of initial acidogenesis that increases the amount of acid 591 production. As mentioned previously, (i) the low rate of methanogenesis and (ii) 592 accumulation of propionic acid acts to reduce the pH of a digester. Qiao et al., (2013) in 593 this connection studied thermophilic co-digestion coffee ground in a submerged 594 anaerobic membrane reactor. The results showed a high concentration of propionic acid 595 (1.0-3.2 g/L) consumed 60% of the total alkalinity when OLR was increased from 2.2 596 to 33.7 kg-COD/m 3 d. Table 3 lists the optimum values of OLR for different type of substrates and reactor configurations.
598 Table 3 599 From the table it is clear that the limitation in organic loading rate could be avoided in 600 the two-stage anaerobic processes as it eliminates the possible inhibition of 601 methanogenesis by acidification (Intanoo et al., 2014; Jariyaboon et al., 2015; Zhong et 602 al., 2015) . In this connection, a study aimed for simultaneous production of hydrogen 603 and methane from palm oil mill effluent using two-stage thermophilic and mesophilic 604 fermentation (Krishnan et al., 2016) . The total hydrogen and methane yields were 215 L 605 H 2 /kgCOD −1 and 320 L CH 4 /kgCOD −1 , respectively, with a concurrent removal of 94% 606 organic content from the substrate. biogas production up to 1.7 times (Abdelsalam et al., 2016) .
613
A novel AD process was developed to produce pipeline quality bio-methane (>90%) 614 from biochar-amended digesters through an enhanced CO 2 removal process. The 615 biochar-amended digesters achieved the removal of CO 2 between 54.9-86.3% and the 616 methane production rate rose to 27.6% (Shen et al., 2015) . Anaerobic co-digestion of 617 different substrates also improved the amount of methane created; pig manure with 618 dewatered sewage sludge may increase methane production by 82% (Zhang et al., 619 2014). Table 4 summarizes the effects of different types of additives/ treatment 620 processes on increasing biogas production. 621 Table 4 622 5.3. Challenges of methane production from industrial scale anaerobic digestion 623 The previous discussion on optimization contains simple approach to maximize the showed that the energy requirement decreased to 70% when the temperature was 631 reduced from 35 to 28 °C (Arikan et al., 2015) .
632
• There is always a trade-off between the high organic loading rate and cost 633 associated to maintain the pH at optimum range (6.5 -8. 
638
• Apart from optimizing one parameter at once; the optimization becomes more 639 challenging when simultaneous changes in temperature, pH, retention time and 640 OLR are taken into account. The type and reactor configuration along with 641 substrate composition defines the appropriate approach in this regard.
• 
